ABSTRACT • Thermal comfort is related to human physiological reactions. In order to maintain a constant internal temperature, the human body must dissipate heat in a warm climate, and prevent heat losses in a cold climate. The overall sensation of comfort accompanies the warmest part of the body in a warm
INTRODUCTION 1. UVOD
Thermal comfort is related to human physiological reactions. Humans are homeotherms -meaning that they attempt to maintain their internal (core) temperature within an optimum range (around 37 °C). The human body generates energy and exchanges it (absorbs or gives out) with the surroundings. In order to maintain its constant core temperature, the body must dissipate heat in a warm climate and prevent heat losses in a cold climate (Parsons, 2000) . Comfort and sensation of individual body parts vary signifi cantly, so that, in a cold climate, hands and feet are colder than the rest of the body parts. The head, which is insensitive to the cold, but sensitive to the warmth, is warmer than other parts of the body in a warm environment. The overall sensation of comfort accompanies the warmest local sensation (the head) in a warm environment and the coldest (hands and feet) in a cold environment. Chair design and clothing may affect the difference in sensitivity between the upper and lower part of the back. The lumbar region needs protection from cooling by good insulation or local warming. The thoracic region should have a possibility of dissipating body heat, i.e. of airing (Arens et al., 2006) The human body generates thermal energy all the time (Grbac and Dalbelo-Bašć, 1994) . The regulation of the normal physiological skin microclimate is necessary for the maintenance of the thermal equilibrium between the heat generated by inner metabolic physical processes and the heat lost from the skin in the surroundings (Nicholson et al., 1999; Hänel et al., 1997) . In the early 1970s, Fanger found that being thermally neutral guarantees comfort, because in optimal condition, no specifi c sensation of feeling warm or cold is to be expected by the subjects (quoted in : Candas, 2005) . However, this conclusion does not concern everyone. The same paper says that not being thermally neutral leads to discomfort. ISO 7730 standard, whose questionnaire served as the basis of this research, is based on Fanger's research, which, among other things, provides links to the number of individuals dissatisfi ed with regard to their thermal sensation, which are symmetric with regard to thermal neutrality.
The change of insulation around the body, i.e. taking off or changing the clothing with materials having poorer insulating abilities, affects thermal comfort. The design of offi ce chairs may also affect thermal comfort. In the study with seven chairs in an air-conditioned room, researchers found insulating values to be in the range of 0.1 clo 1 for a net chair to 0.3 clo for a chair with the seat and the back of PU foam, which means that they are typical for the majority of modern offi ce chairs (McCullough et al. (1994) , quoted in: Hedge et al., 2005) . The comparison of three commercially available chairs (Brand et al., 2000) yielded indefi nite results about the core temperature. Thermal conditions 1 Clo is a unit for measuring thermal isolation of clothes, and it amounts to 0,18 m 2 ·°C·h/kcal = 0.155 m 2 ·°C/W. may differ if an individual is sitting on a chair with PU foam and high values of thermal insulation (clo) compared to a net chair with low values of thermal insulation. The development of gel production technology enabled the production of materials that give the body a sensation of feeling cold because of the more efficient withdrawal of heat from the body, increasing in this way the sensation of thermal comfort. During research into the infl uence of the design of ergonomic chairs on thermal comfort (Hedge et al., 2005) , where infl uences of PU foam, net and gel in seats on thermal comfort and productivity were researched, its authors came to the conclusion that differences in insulating values of individual types of seat have no signifi cant effects on thermal comfort in controlled climate conditions, and that they neither signifi cantly affect productivity. The study found evidence of a gender difference in ratings of thermal comfort, with women reporting cooler conditions than men, with a 1.5 hours exposure to controlled climate conditions. Lan et al. (2008) research into thermal comfort and gender differences also proved the existence of gender differences. Correlations of reported sensation of warmth, the air temperature and water vapor pressu- ........ Vlaović, Domljan, Župčić, Grbac: Thermal Comfort While Sitting on Offi ce Chairs... re showed that women are more sensitive to warmth and less to humidity than men. Analyses of subjective evaluations, the skin temperature and heartbeat variability, made within the same research, showed that females prefer neutral or slightly warmer conditions with regard to their permanently lower skin temperature and the fact, that the mean skin temperature is a good predictor for sensation and discomfort below the neutral. The comfortable operative temperature for women (26.3 °C) is higher than the one for men (25.3 °C), although both genders have almost the same neutral temperatures. Therefore, in the neutral area, i.e. in neutral conditions, there are no signifi cant differences in the sensation of warmth with regard to gender. Research into changes of thermal insulation of a person while sitting showed that in case of offi ce chairs, an insulation increase by 0.04-0.17 clo depends on the height of the back of the chair and the seat thickness, while in case of a metal chair with a net or a wooden chair, a reduction in insulation of 0.03 clo was recorded. This can be explained by the fact that these chairs behave as "cooling fl anges", rejecting the heat due to their high conductivity (Nilsson and Holmer, 1994) . For a sitting individual, the chair may signifi cantly affect the heat exchange and hence affect thermal comfort. In spite of these facts, literature on the infl uence of different seats on thermal insulation is scarce. A comparison between the thermal comfort of seat materials of different wheelchairs and offi ce chairs showed that there are variations between chairs with regard to body parts touching the chair, i.e. the rear part of the thighs, the buttocks and the lower part of the back. With regard to the skin temperature of the subjects, there were no statistically signifi cant differences between the chairs. A wheelchair with the PVC coating material was colder on the rear part of the thighs by some 0.4-0.8 °C when compared to other wheelchairs, colder by 1.7 °C than the offi ce chairs (wool, viscose) , and in the lumbar region by 1.1-1.3 °C than the rest. The same research showed that chair temperatures differed by 3.9 °C between the warmest and the coldest part of the back and the seat. The wheelchair coated with PVC proved to be by far the most cold, while the offi ce chairs proved to be by far the warmest statistically (Humphreys et al. 1998) . The two most signifi cant factors of the overall sensation of warmth were the person's activity and insulating abilities of clothing. Zacharkow (1988) found that the resistance to the exchanges of heat and moisture acceptance and withdrawal on the area of contact between the body and the pad is strongly connected with the size of the contact area and the contact pressure. The sensation of comfort is, therefore, connected with the parameters of pressure, temperature and relative moisture on the point where the body and the pad touch. Therefore, upholstery materials must enable the transfer of moisture when touching the body. Hänel et al. (1997) showed that below a certain degree of compression, moisture and heat are mostly transported in the surface layer, while Shitzer et al. (1978) revealed that subjects determine the comfortable temperature for themselves according to variations of their own body temperature. "The ideal" environmental temperature varies from one person to another and in the course of time with regard to variations of the body temperature. Therefore, thermal comfort is related to the body temperature.
Moisture is, beside temperature, another important factor of comfort. Besides warmth, the human body constantly excretes moisture (liquid) through the skin. According to Reed et al. (1994) , a sitting person perceives moisture on the skin surface as discomfort (quoted in: Stumpf et al., 2002) , because wet skin increases the friction coeffi cient, causes sticking to clothing or chair upholstery and prevents small movements necessary to shift the weight from the pressure points (Hänel et al., 1997) . Therefore, a moisture increase on the skin surface leads to uncomfortable sitting. The sleeping quality, for example, depends on materials touching the body, liquid absorption capacity and temperature (Grbac and Dalbelo-Bašić, 1994) . Excessive skin hydration due to accumulated moisture changes its characteristics. Wet tissue is mechanically weaker than dry tissue (Park and Baddiel, 1972) , which leads to increased wetting and wounds (decubitus ulcer). Moisture increases the resistance coeffi cient between the individual and the pad. Such increased resistance, when a patient is sliding against the bed sheet for example, may cause, together with a pressure increase, skin blisters and, fi nally, surface erosion (Sulzberger et al., (1966) , Dinsdale (1974) , quoted in: Nicholson et al., 1999) . Research (Davies and Mills, 1999) into characteristics of slow regenerating foam with half-closed cells (mark CF-45) demonstrated that mechanical characteristics are very much dependant on temperature and humidity, but these effects were not researched in sitting experiments. Previous testing within research into the distribution of pressure while sitting on slow recovery PU foam (Davies et al., 2000) showed that, when a 25 mm thick layer of such foam is exposed to the temperature of 35 °C and relative humidity of 80 %, it takes two hours for humidity contents to achieve equilibrium. It is probable that short sitting tests were mostly affected by air circulation, not so much by humidity input (Davies et al., 2000) .
When it comes to thermal comfort, the emphasis is, therefore, on how to achieve and maintain thermal equilibrium of the body by changing postures. The posture in thermal comfort may be defi ned as resistant or compensational adjustment of different bodies to the partial change of the effective size of the body surface for heat exchange (Raja and Nicol, 1997) . As far as the seat construction or structure is concerned, and taking into account climate and physiological facts, there are, according to Kurz et al. (1989) , no signifi cant differences between seats made entirely of foam and layered with springs, rubberized coconut fi bers and coating materials. Seat and back upholstery of offi ce chairs made of PU foam are usually covered with materials having insulating abilities and preventing in this way the withdrawal of heat from the body (quoted in Stumpf et al. 2002; Bartels, 2003) . Nicholson at al. demonstrated to which extent foam limits heat transfer and that the cover is the limiting factor of the evaporation rate. Heat transfer is also limited by the resistance to imperceptible (latent) heat loss through the covers (Nicholson et al., 1999) . PU foam pads also make moisture transfer from the skin surface more diffi cult. Diebschlag et al. (1988) revealed that besides different foam composition, its permeability depends on pressure, which signals that thermal comfort varies for different people using the same offi ce chair, depending on where and how much they press the foamy seat and back upholstery. Fisher et al. (1978) studied different materials used for wheelchair seat cushions and found a signifi cant rise in skin temperatures under the thighs and sitting bones of test subjects sitting on 10 cm thick foam rubber pads (quoted in: Stumpf et al., 2002) .
The present research had two goals. The fi rst was to explore thermo-physiological sensations on a selected number of subjects while sitting on different types of seats. In addition, the questionnaire was tested as well as its sensitivity in order to establish its reliability for future research of this type. The second goal of this research was to establish correlations between subjective and objective results into thermal comfort while sitting. Besides the basic research, in its last part, the paper presents the correlations with objective measurements of temperature and moisture while sitting on the same type of chair (results published by Vlaović et al., 2012) .
MATERIAL AND METHODS

MATERIJAL I METODE
The method of subjective evaluation of thermal comfort is based on standard ISO 7730:2005 Moderate thermal environments -Determination of the PMV and PPD indices and specifi cation of the conditions for thermal comfort, which describes how to measure thermal comfort by using a dummy or a person. The questionnaire for this research was modeled after it (Cengiz and Babalik, 2007) .
The questionnaire was made up of four sections: sensation of warmth on ten different body regions, body moisture on two body regions, thermal comfort on a chair, and sweating level. Each of the four sections was developed as a scale offering a particular range of levels as possible answers (Vlaović, 2009 (Figure 2) .
In order to make the understanding of the question easier, the warmth sensation section of the questionnaire was accompanied by a graphic presentation of the specifi c points on the body to which the question referred ( Figure 3 Measurements were carried out in the air-conditioned room at the mean temperature of 23.94 °C and relative humidity of 46.43 % throughout six days. According to the pre-determined schedule, six subjects were tested on fi ve selected chairs, using two chairs per day, for 90 minutes each.
Samples
Uzorci
The study used fi ve models of offi ce chairs ( Figure  4 ). The samples were selected according to the principles of proper body support in the working posture and the constructions that enable proper and comfortable sitting posture as a pre-condition for comfort (Vlaović et al., 2008 , Vlaović et al., 2010 . In addition, attention was paid to compliance of the samples with the current standards regarding functional dimensions. Every sam-
Figure 4 Samples of offi ce chairs Slika 4. Uzorci uredskih radnih stolaca ple is detailed in Table 1 . Cover material composition of all seats was 100 % polyester, and seat thickness was 60 mm or 55 mm (models M3 and M4). Material make of all seats was non-hygroscopic. Detailed seat characteristics are presented in by Vlaović et al. (2012) .
Subjects 2.2. Ispitanici
The study included six healthy subjects. The subjects' details are given in the following table.
In order to minimize the infl uence of clothing, the subjects were wearing cotton underwear and light linen or cotton clothing. Prior to measurement, height of the seats and armrests had been tuned to every subject in order to ensure maximum comfort according to the table height, as required by the corresponding basic ergonomic criteria. 
RESULTS AND DISCUSSION
REZULTATI I DISKUSIJA
Subjective evaluations of thermal comfort by the selected sample of subjects while sitting on offi ce chairs and performing their everyday jobs gave the results shown in the following tables.
Most subjects circled the neutral answer, i.e. mark four, when answering to the questions about the sensation of warmth on certain body part and the head. The average mark for answers given by the subjects is therefore 4.46. Looking at the values in Table 3 , we notice somewhat higher average mark on points T1, T2 and T8 which represent sequentially the sensation of warmth under the thighs (5.40), the sensation of warmth on the inner thighs (4.74) and the sensation of warmth on the buttocks (5.37).
With regard to the sensation of moisture on the front and rear part of the torso and the sweating level of the whole body while sitting (Table 4) , the answers are in the lower scale range of four levels. The marks for moisture on the torso are 1.17 and 1.23 (at the front and on the back). The average mark for the sweating level is 1.73. The lowest mark for the sweating level was given to the model M3 (1.33), and the highest to model M1 (2.00).
With regard to questions about the thermal comfort of the chair relating to the seat and the back (Table  4) , the average mark given was 1.87. The thermal comfort of the seat (1.90) and the thermal comfort of the back (1.83) were marked approximately the same, while the highest average marks were given to the seat of the model M3 (2.33) and to the backs of models M1 (2.33) and M5 (2.00).
Correlations between subjective evaluations
of thermal comfort and objective temperature and moisture measurements 3.1. Korelacije subjektivnih procjena toplinske udobnosti s objektivnim mjerenjima temperature i vlage
As described above, the questions from the questionnaire are related to the precisely determined points of sensation of warmth or moisture on the body. The questions about some sensations were directly related to probe locations, which measured the actual temperature and relative humidity occurrences while sitting. This especially concerns the following measuring points: T1 -At this moment how do you feel your under thigh?, T2 -At this moment how do you feel your inner thighs? and T8 -At this moment how do you feel your bottom? (Table 5) .
After a thorough analysis and the determination of the non-existence of connections on the level of an individual seat, results were aggregated, which means that the average values of temperature and moisture, measured by 1-A, 3-B and 5-C probes, and measures of subjective evaluations of thermal comfort were determined. Table 3 Subjective evaluations of chairs on points T1 to T8, of thermal sensation on the head and overall thermal sensation Tablica 3. Subjektivne procjene stolaca na točkama od T1 do T8, osjećaja topline na glavi i općeg osjećaja topline T1  T2  T3  T4  T5  T6  T7  T8 Head Na glavi A correlation was calculated between the said measures, which showed that the temperature measured in the region under the thighs on the seat (3-B) is related to the subjective temperature evaluation in the region under the thighs (T1). The correlation is high and positive, meaning that the higher measured temperature values were perceived as higher by subjects as well (r = 0.762; p = 0.078). In other cases, the correlation level obtained is not statistically signifi cant (p > 0.10).
In general Općenito
M1
It is interesting that other correlations did not show any signifi cance. This especially applies to the lack of correlation between T8 and 1-A, although the average rating on T8 is relatively high, as well as the aggregated temperature value of the probe 1-A (it was higher than the temperature of the probe 5-C, but lower than the temperature of the probe 3-B).
This discrepancy could be due to several reasons: because of the constitution and gender differences that have different perceptions of thermal comfort; due to the relatively short sitting; because of the relatively small number of respondents, and thus the small number of data whose differences did not prove signifi cant.
CONCLUSION 4. ZAKLJUČAK
Based on the research undertaken on six subjects and based on its results, the following may be concluded: From the point of view of the evaluation of the sen--sation of warmth, all chairs have been neutrally evaluated. The sensation under the buttocks and thighs have been reported to be somewhat warmer, while those on the back have been reported to be somewhat colder. This is understandable with regard to the net construction of the back of the chair. It can be concluded that the questionnaire is suffi --ciently sensitive and reliable for such studies, but testing time should be longer than 1.5 h. In this research no correlation has been proven -between the actual temperature and relative humidity measurements and subjective evaluations of thermal comfort, although there have several directly linked points. All correlations obtained are of low or only of me--dium intensity and are not signifi cant. Since the experiment included only 6 subjects, a milder significance criterion was applied i.e. p < 0.10. Therefore, no valid conclusions can be reached based on these relations. Henceforward, accuracy and reliability of the mea--surement technique should be increased. It could be said that the use of this system in the seats with thin upholstery is limited. Namely, probe size is relatively large with respect to the thickness of the seat, and therefore horizontal embedding is needed to avoid "moving" from the defi ned measuring point (see paper: Vlaović et al. (2012) , Fig. 3b ). Future research should include a greater number of -subjects as well as different types of design and construction solutions for offi ce chairs, since the selected method and the questionnaire proved appropriate for research and for obtaining relevant results.
